The starvation-stress response of Vibrio (Listonella) anguillarum was investigated and characterized with regard to changes in cell morphology and the ability of V. anguillarum to survive starvation, heat shock, exposure to H,O, and exposure to ethanol. The ability of V. anguillarum to survive exposure to the latter three stresses after initiation of starvation was also examined. Results of these experiments indicated that when starved for carbon, nitrogen and phosphorus, the c.f.u. of V. anguillarum declined by about one order of magnitude over the first 5-7 d of starvation; starvation for an additional 3-4 weeks resulted in a gradual decline in c.f.u. by another order of magnitude. Examination of starved cells by electron microscopy revealed that while most cells formed spherical ultramicrocells during starvation, some of the cells elongated to form short spirals. While cross-protection against other stresses such as oxidative stress (exposure to H,O,) and exposure to ethanol developed, only a small degree of resistance to heat shock developed. Moreover, in all cases these resistances disappeared during prolonged starvation (usually > 5 d). Additionally, the rate of protein synthesis per c.f.u., measured by [35S]methionine incorporation, declined during the initial 6 h of starvation and increased to over 7 0 % of the rate measured in exponentially growing cells by 5 d of starvation. It was concluded that the starvation-stress response of V. anguillarum differs significantly from those starvation responses reported for other bacteria, including responses displayed by other Vibrio species.
INTRODUCTION

In natural environments organisms are constantly
Keywords : starvation, Vibrio (Listonella) anguillarum, stress response (Moriarty & Bell, 1993; Morita, 1993) . Recent investigations indicate that at the onset of starvation many bacteria exhibit the coordinated expression of protective bacteria and other microchallenged by a variety of stressful conditions, which include nutrient limitation or starvation, as well as exposure to various forms of physical stress (e.g. temperature variation, osmotic shock, oxidative shock). Some bacteria escape these harsh conditions by differentiating into stress-resistant forms such as endospores or myxospores (Sonenshein, 1989; Zusman, 1984) . Recent investigations have demonstrated that many non-differentiating bacteria also have the ability to withstand long periods of nutrient limitation and starvation (Matin et al., 1989 ; Morita, 1993; Ostling et al., 1993; Spector & Foster, 1993) . Indeed, it has been suggested that in natural environments most micro-organisms face intermittent or prolonged periods of nutrient-limiting conditions and rarely, if ever, grow at rates approaching maximum mechanisms that allow the cells to survive exposure to multiple physical stresses (Givskov et af., 1994b; Jenkins et af., 1988; Ostling et al., 1993) . It is thought that the acquisition of such cross-protection during starvation is the result of the expression of starvation-stress proteins (Givskov et af., 1994a; Hengge-Aronis, 1993 ). In contrast, Eguchi et af. (1996) suggest that marine oligotrophic bacteria grow at relatively constant rates over a very wide range of nutrient concentrations and are resistant to multiple physical stresses during both growth and starvation.
Vibrio species are generally, found in the cultivable fraction of marine bacteria (Ostling et af., 1993) . While members of this genus proliferate in sites of high substrate concentration and reach high cell density, they D. R. NELSON a n d OTHERS are able to persist as free-living organisms in-nutrientlimited waters for extended periods of time (Ostling et al., 1993) . Their coexistence with the dominant pool of oligotrophic bacteria in carbon-limited waters and their appearance in association with higher organisms suggest a successful life cycle of feast and famine. This is perhaps best documented for Vibrio (Listonella) anguillarum. This bacterium causes epizootics of vibriosis in a variety of marine fish and shellfish (Austin & Austin, 1993; Bolinches et al., 1986; Bowser et al., 1981) , but is able to persist under conditions of carbon starvation for at least four years (Hoff, 1989 ).
Here we examine the starvation-stress response of V . anguillarum with regard to the ability of this bacterium to adapt to and survive starvation and other stresses including heat shock, exposure to ethanol and exposure t o hydrogen peroxide. W e present evidence indicating that V. anguillarum exhibits a response to long-term starvation that is different from those responses described for copiotrophs such as Vibrio species strain S14 (Ostling et al., 1993) , Escherichia coli (Matin, 1991) and Pseudomonas putida (Givskov et al., 1994b) . T h e latter three species of bacteria exhibit long-term starvation survival strategies that may be characterized as selfcontained. T h a t is, cells exposed to starvation respond rapidly and in an ordered, sequential fashion to express genes and proteins that allow starved cells to become relatively less metabolically active and more resistant to a variety of potential envjronmental insults (Givskov et al., 1994b; Matin, 1991 ; Ostling et al., 1993) . In contrast to this response, o u r data suggest that V . anguillarum cells exhibit a somewhat different strategy towards starvation. This alternative strategy does not include a long-term reduction in metabolic activity and long-term stress cross-protection ; rather V. anguillarum cells first lose and later regain metabolic activity during starvation. Additionally, V. anguillarum cells exhibit only a limited set of starvation-acquired cross-protections, which are lost as starved cells regain metabolic activity.
METHODS
Bacterial strains and culture conditions. V . anguillarum 2129 was isolated from a diseased fish. Cultures of V. anguillarum were routinely grown and maintained in Luria-Bertani broth (Maniatis et al., 1982) plus 2% NaCl (LB20) at 25 "C with shaking or on LB20 agar plates also incubated at 25 "C. Typically for experiments, aliquots from overnight cultures grown in LB20 at 25 "C were transferred to flasks of marine minimal medium (3M) (Neidhardt et al., 1974) and grown to mid-exponential phase to stationary phase ( 107-109 c.f.u. ml-'). Growth was measured as ODj5,,, Starvation and stress-challenge protocols. V . anguillarum cells were starved for carbon (C), nitrogen (N) or phosphorus (P), or all three simultaneously (CNP). Cells to be starved were grown to the desired density (107-109 c.f.u. ml-l), harvested by centrifugation (9000g, 10 min, 25 "C), and washed and resuspended in the appropriate starvation broth. Starvation for carbon was performed in 3M minus glucose. Starvation for nitrogen was performed in 3M minus NH4C1. Starvation for phosphorus was performed in 3M minus potassium phosphate. Starvation for CNP was performed by incubating the cells in either 3M without added glucose, NH4C1 and potassium phosphate or in nine salts solution (NSS) (Marden et al., 1985) . All starvation experiments were carried out at 25-28 "C. T o determine the effects of starvation on the viability of V. anguillarum cells, samples were withdrawn at various intervals after the initiation of starvation and the c.f.u. determined by dilution and plating onto LB20 agar or, in some cases, VNSS agar (Nystrom & Kjelleberg, 1987) . All plate counts were performed in triplicate.
Cells to be heat shocked were harvested by centrifugation, washed twice (in either 3M or NSS), and resuspended in fresh 3M broth or in NSS at 25 "C. Aliquots were withdrawn from the 3M cultures after 5 min of equilibration or from the NSS starvation cultures at the times indicated in the text and transferred to a 42 "C water bath for heat shock. T o determine the effects of heat shock on the viability of V. anguillarum cells, samples were withdrawn 60 min after transfer to 42 "C and the c.f.u. determined by serial dilution and plating onto LB20 agar. All plating was carried out in triplicate.
Cells to be challenged by exposure to H 2 0 2 were harvested by centrifugation, washed and resuspended in 3M broth or NSS as described above. Aliquots were withdrawn and H,O, added to a final concentration of 2 mM. Samples were withdrawn 15 min after the addition of H 2 0 2 and the c.f.u.
determined by serial dilution and plating onto LB20 agar.
Cells to be challenged by exposure to ethanol were harvested, washed and resuspended in 3M or NSS as described above. Aliquots were withdrawn and ethanol added to a final concentration of 12 % (v/v). Samples were withdrawn 15 min after the addition of ethanol and the c.f.u. determined by serial dilution and plating onto LB20 agar.
Electron microscopy. V . anguillarum cells were fixed by the addition of 50 '/o glutaraldehyde (EM grade; Electron Microscopy Sciences) to a final concentration of l '/o (w/v). For negative stains, one drop of culture was placed onto a 200 mesh C-coated/collodion grid. After 10 min, the drop was removed and the grid was negatively stained with 1% ammonium molybdate. For thin sections, a 5 ml aliquot of each culture was centrifuged at 9000 g for 30 min at 5 "C. The cell pellet was gently disrupted and enrobed in molten (44 "C) 1.5% purified agar in 0.1 M sodium cacodylate buffer (pH 7.2). The excess agar was trimmed away from around the cell pellet fractions and these small agar cubes were placed in 3 ml vials containing 3 % glutaraldehyde in 0.1 M sodium cacodylate buffer overnight at 4 "C. The samples were washed three times (30 min each wash) with buffer, fixed with 1 osmium tetroxide in buffer for 3 h, and dehydrated in a graded ethanol series to 95% ethanol. All washes and ethanol dehydrations were carried out at 4 "C. The samples were allowed to warm to room temperature and then changed four times with absolute ethanol for 14 min each. After two additional changes with propylene oxide, the samples were embedded in Spurr's epoxy resin and thin-sectioned with a diamond knife on a DuPont/Sorval MT2-B ultramicrotome. The sections were stained with 2% uranyl acetate in 50% methanol followed by lead citrate. The negative stains and thin sections were examined and photographed with a JEOL 1200 EX transmission electron microscope operating at 80 kV.
Radioactive labelling of cells. Concurrent with sampling for viability measurements, 1 ml cell suspension in either 3M (exponentially growing cells) or NSS (starved cells) was labelled with 10 pCi (3-7 x lo5 Bq) [35S]methionine (Dupont, NEN Research Products ; sp. act. > 600 Ci mmol-l) for 30 min at 25 "C. When the labelling period was complete, the cells were centrifuged (15000 g, 2 min), washed twice in NSS, and resuspended in 100 pl 10 mM Tris buffer (pH 7.2), and frozen for storage. Incorporated radioactivity was determined by scintillation counting of TCA-precipitated protein pellets (Nelson & Zusman, 1983) . Gel electrophoresis and autoradiogaphy. One-dimensional SDS-PAGE was performed as described by Laemmli (1970) using 5 % stacking gels and 10% separating gels. Autoradiography was performed as previously described (Nelson & Killeen, 1986) . Equal volumes of labelled cell suspensions were loaded onto each lane.
RESULTS
Changes in cell viability and morphology during C or CNP starvation
The response of V. anguillarum cells to starvation for C was compared to simultaneous starvation for CNP. For periods of starvation up to at least 28 d (672 h), the survival of cells (as measured by c.f.u.) starved for C paralleled that of cells starved for CNP (Fig. la) . Typically, the drop in c.f.u. over a 4 week starvation was slightly greater than two orders of magnitude. The decline in viable cells was usually biphasic, with the most rapid drop in c.f.u. occurring during the first 72-168 h (3-7 d) of starvation. The decline in c.f.u. slowed after that time. Additionally, over the first 6-24 h of starvation there was often a two-to threefold increase in c.f.u. This general pattern of cell viability was reproducible in starvation experiments with initial cell densities ranging from 10' to lo9 c.f.u. ml-l (data not shown). The effects of potential oxygen-limiting conditions and the composition of the recovery plating medium on starvation survival were also examined (Fig. lb) . Cells were starved for CNP in either shaking or standing cultures. Samples were withdrawn at intervals and plated onto either a high-concentration nutrient agar (LB20) or a lower-concentration nutrient agar (VNSS). Regardless of the starvation conditions (shaken or still) and the recovery growth conditions (high or low nutrient), no differences in c.f.u. were detected. Further, an examination of p H during starvation revealed that the pH decreased by only 0.3 unit from pH 7.5 during the 4 week starvation. The morphology of cells starved for CNP was examined by transmission electron microscopy of both negatively stained cells and thin sections of cells (Fig. 2) . During the first 24 h of starvation, some changes from exponentialphase cells to starved cells were observed. The most noticeable differences between exponential-phase cells ( Fig. 2a, b ; mean d i a m e t e r f s~ of 25 cells was 0.54f0.05 pm) and cells starved for 24 h ( Fig. 2c, d ; mean diameter 0.46+0-06 pm) were a decrease in the observed diameter of about 15 % and the appearance of some helical cells. There were few differences between cells starved for 48 h (not shown) and cells starved for 24 h. By 168 h (Fig. 2e, f) of starvation, there were a number of clearly observed changes in the morphology of the cells. Most cells had become rounded, contained less internally staining material and probably lost integrity. These cells were probably dead. From numerous observations by both electron microscopy and phase-contrast microscopy, it appeared that about 10 YO of the cells appeared to have elongated into curved or helical filaments. Cells that retained an intact cell envelope had a mean diameter about 78% (0.42 0.06 pm) of that observed in exponential-phase cells. Observations by phase-contrast microscopy indicated that most cells lost motility between 6 and 24 h after the initiation of starvation. However, a small number of motile cells could be observed even after prolonged periods of starvation.
Changes in cell viability during starvation for N or P
The effects of starvation for N or P on V. anguillarum viability were examined. Typical cell survival curves for V. anguillarum starved for N or P (for periods up to between 24 and 120h. Between 120 and 840 h of P starvation, the c.f.u. appeared to oscillate with a periodicity of 300-500 h between peaks in c.f.u. It is interesting to note that the long-term ( > 168 h) c.f.u. survival of V. anguillarum was not dependent upon the depleted nutrient.
Starvationinduced cross-protection in V. angui//arum
Recently it has been reported that a number of different bacteria develop a multiple stress-resistant state when the organism is starved of nutrients (Givskov et al., 1994b; Jenkins et al., 1988; Matin, 1991; Spector & Foster, 1993) . We sought to determine whether this was the case for V. anguillarum. Growing cells (midexponential phase in 3M) and cells starved in NSS for periods of up to 168 h were challenged with heat shock (42 "C), H,O, (2 mM) or ethanol (12%) (see Fig. 4 ). The sensitivity of the cells to each of these treatments was determined by the time-dependent reduction in c.f.u. The data presented illustrate representative experiments from a minimum of three trials for each stress. The general survival patterns described are reproducible. As shown in Fig. 4(a) , exponentially growing cells (t = -1 h) declined by more than two orders of magnitude when exposed to a 42 "C heat shock for 60 min. Cells starved for up to 120 h were somewhat more resistant than growing cells. However, cells starved for 168 h lost the small amount of resistance gained Euring shorter periods of starvation and were slightly more sensitive to heat shock than growing cells.
A somewhat different pattern of starvation-induced cross-protection was observed for cells challenged with H 2 0 2 (2 mM, 15 min; Fig. 4b ). Growing cells (t = -1 h) were extremely sensitive to oxidative stress, exhibiting a decline in c.f.u. of almost four orders of magnitude during a 15 min exposure to H202. Cells washed free of growth medium and resuspended in NSS rapidly gained resistance to H202. Resistance 5) revealed a similarity with the data presented in Table 1 . Both the number of proteins expressed and the overall level of protein expression fell rapidly from 37 bands detected in growing cells (and t = 0 h starved cells) to a minimum of 17 detectable bands with a total density of -6 ' / o that of growing cells in cells starved for 24 h. Both the complexity and the levels of protein expression began to increase by 48 h of starvation. Twenty-three protein bands with a total density of 7 % that of growing cells (and t = 0 h cells) were detected in cells labelled after 48 h of starvation. By 168 h of starvation, the number of detectable bands had increased to 31 with a total density of about 25% that of growing cells. 
DISCUSSION
It is clear that marine and other bacteria have evolved mechanisms to survive the stress of starvation until nutrients again become available to support the growth of cells. The starvation-survival strategies employed by bacteria include at least the adaptive processes of olhgotrophy, spore and cyst formation, and copiotrophy (Ostling et al., 1993; Poindexter, 1981; Rozak & Colwell, 1987; Schut et al., 1993) . Copiotrophic bacteria exhibit relatively rapid growth rates under conditions of abundant nutrients and survive starvation without the development of spores or cysts (Nystrom et al., 1990) . Such organisms include well-characterized ' non-differentiating' bacteria such as E. coli, P. putida and Vibrio sp. S14. When starved, particularly of carbon or multiple nutrients, these bacteria rapidly form starvation-stressresistant cells which are generally characterized by their small, coccoid shape (ultramicrocells), their rapid acquisition of cross-protection against a variety of stresses and their instantaneous response to added nutrients (Givskov et al., 1994a,b; Matin, 1991; Nystrom et al., 1990; Ostling et al., 1993) . In other words, these bacteria survive starvation by expressing genes which enable the cells to enter a starvation-induced adaptation state, which is resistant not only to long-term starvation but also to a variety of physical and chemical stresses, and permits the cells to initiate outgrowth when nutrients are available (Marouga & Kjelleberg, 1996) . This response to starvation may be characterized as relatively non-active or self-contained. That is, the cells 'go with the flow (or nutrient flux) '.
In contrast to the strategy employed by copiotrophs such as E. coli, P. putida and Vibrio sp. strain S14, a different response to starvation has recently been documented for the marine ultramicrobacterium Sphingomonas sp. strain RB2256 (Eguchi et al., 1996) . This marine oligotroph, which displays a remarkably constant maximum specific growth rate (0.13416 h-') over a wide range of organic carbon concentrations (0.8-800 mg C l-'), is highly resistant to heat shock (to 56 "C), oxidative stress (25 mM H202), and ethanol stress (20 %, v/v, ethanol) Here we report on the starvation-stress survival of V . anguillarum, a major marine fish pathogen, which, we suggest, displays a response to starvation that has features different from those described above. This bacterium has been shown to survive prolonged periods of starvation-induced stress (Hoff, 1989 and then increases back to levels approaching the rates observed in exponential-phase cells by 7 d of starvation (see Table 1 ). These observations suggest that the initial response to starvation by V. anguillarum is a transient period of decreased metabolic activity which is followed by an active starvation response.
We also note that the c.f.u. in V. anguillarum cells starved for phosphorus oscillate with a periodicity of about 300-400 h. Hoff (1989) 
